The presence of resonant structures during the association dynamics for both systems is found by the calculations and their consequences are discussed in some detail in the present study.
I. INTRODUCTION
for the former species:
Thus, in the pseudo-2D model dynamical mechanism reported above, as an example for one of the present molecules, the final anionic systems are stabilized by emitting a photon, either spontaneously or by stimulation through an external stellar photon bath. As mentioned above, we have also investigated a molecular anion which could also exist in the ISM: the molecular cyanate NCO − , because of the rising interest on C-bearing ionic isomers (the latter being in fact the more stable with respect to ONC − ). In the interstellar medium this anion has been known in fact for a long time in condensed phases and is considered one of the most stable ones in the interstellar icy grain mantles [12] . From the theoretical side, the stability of the present anion has been investigated by computationally exploring the lower electronic states involving both neutral isomers [18] . In the gas phase, the anion has been detected in various halide matrices [13] although, despite its electronic stability and its large Electron Affinity (EA) value of 3.609 eV [18] , the likelyhood of its formation in the ISM remains an open question. Therefore, it is indeed interesting to computationally estimate the efficiency of its possible formation path that would follow the same RA mechanism discussed above. In the present study we will thus consider as a mechanism of formation of the NCO − anion the same pseudo-2D association process that has been mentioned above:
Therefore the principal aim here shall be that of evaluating with accurate quantum methods the efficiency of all the above processes in forming the title systems.
The paper is organized as follows: in Section 2, we will briefly outline the computational details involving the quantum structure of the relevant potential energy curves (PECs) for the systems we are studying. In Section 3 we shall initially provide a brief summary of the formulae employed for the calculations of the relevant cross sections, while afterwards we shall discussin the same ection their physical features and analyse the role and importance of the resonant processes. The last part of the same section will also discuss the corresponding RA rates under different temperature conditions of the Molecular Clouds. Section 4 shall finally report our discussion of the results obtained and their implication for the formation of both anions in the ISM environments.
II. COMPUTING THE C 2 H − AND NCO − INTERACTION POTENTIAL CURVES
In order to obtain the RA cross sections for the present molecular anions, the potential energy curves of the ground electronic states X 1 Σ + of both C 2 H − and NCO − , together with the values and radial behaviour of their electric dipole moments, need to be evaluated. The dipole moments have been computed by considering the center of mass of the molecules and they are obtained using the same level of theory chosen for the potential energy curves (PECs). The vibrational bound states of the pseudo-2D molecules have also been generated using the LEVEL 8.0 suite of programs [20] .
We should further point out here that the atom-molecule RA process we are modelling is actually a 3D process where all three Jacobi coordinates are in principle involved. However, the diatomic partners possess, chemically speaking, stronger bonds and more rigid structures that those induced by attaching the extra atom during the radiative recombination.Thus, as a first physical approximation to the full process we are initially considering the multiple bonds in anionic partners as being fixed at their equilibrium values and also shall demonstrate from the structure calculations below that the collinear approaches are in both cases the most likely to occur. Hence, the reduction of the initial 3D problem to a pseudo-2D problem was adopted in the present study.
The ground and several excited states of the C 2 H − had been previously computed at an accurate level [15] . In their work these authors discussed the possible approach of atomic H towards C − 2 to form C 2 H − , a process they showed to be occurring only along the lowest electronic state: we one we are considering in the present study. In practice, we further decided to employ a more accurate level of calculation while focussing on the associative processes which follow the lowest electronic states of the partners, in line with what is espected to happen in the dark interstellar clouds of the ISM. It is also interesting to note here that the previous work of ref. [15] has pointed out how the possible recombination paths along the excited PECs of the partners appear to favour the competing channels of electron autodetachment with formation of the neutral radicals though the Associative Detachment (AD) paths. We shall further return on this aspect of the problem in our final section.
We have thus performed computational studies for the only possible path in which the C 2 H − could be formed on its ground state X 1 Σ + in collision with neutral hydrogen atoms,as it corresponds to the most probable channel for an associative process forming the anionic species. All new calculations have been performed using the MOLPRO suite of computational programmes [21] , with which geometries and energies corresponding to the ground electronic state of both C − 2
and C 2 H − have been calculated using a Multireference Configuration Interaction (MRCI) with aug-cc-pVTZ basis set. Before the MRCI process, the complete active space CASSCF was defined considering all valence orbitals, whereas the two core orbitals were kept doubly occupied. would be existing in a cold environment and therefore in its lowest internal states. Additionally we will be interested in the collinear process where the H is approaching along the C − 2 bond, a dynamical choice that whe have already discussed above and that will also be analysed in more detail below.
For NCO − , the radiative association cross sections will be obtained following the same physical outlook and computational approach as it was done for C 2 H − . Hence, the ground electronic state • A and varied the C − O distance. We also wish to point out that for both the present systems the collinear process turns out to be the most favourable path for the RA channel, as we shall further discuss below in greater detail. Hence our present choice of treating the associative processes as pseudo-2Body processes in which only one additional bond is involved in the present dynamics along the collinear arrangements.
A. THE GROUND ELECTRONIC STATES OF C 2 H − AND NCO −
In Figure 1 we report a specific comparison between our computed PECs for the ground electronic states, and the previously computed PECs obtained from ref. [15] , for the case of the C 2 H − system. Besides reporting the potential curves in the main panel, the figure contains of three addi-tional insets. These smaller panels are presenting an enlarged view of well and of the asymptotic regions of the PECs, where we have compared the analytic extrapolation form of the interaction, dominated by the hydrogen atom dipole polarisability, with the ab initio points calculated in the long range regions (bottom right): it can be seen there that the two curves are in very good agreement with each other, thus confirming the good quality of the present calculations. When looking at the region of the potential minimum, we can further see that our computed PEC is markedly deeper by about 2000 cm −1 than the one reported by ref. [15] . The presence of a deeper well will increase the number of bound states supported by the interaction between partners and therefore, as we shall discuss further below, also increase the probability of formation of the complex because more vibrational bound states will be available for the RA stabilization path. The long-range part of the interaction obtained by us is compared with that from earlier calculations in the inset in the upper right part of the figure: the present results are seen to provide a stronger tail to the overall PEC, also causing an increase in the number of the bound states closer to dissociation. To provide more numerical details, we further report in Table 1 It is interesting to note here that from the calculated PEC of C 2 H − from reference [15] we found 21 bound levels along the additional bond between C − 2 and the hydrogen atom, while our present calculations generate a potential energy curve which supports 24 vibrational levels, as expected from the increase in the well depth and the stronger tail of the long-range part of the PEC. If we turn now to the interaction in the NCO − anion, we note that the full potential energy curves for its lowest-lying electron state X 1 Σ + and for the next higher electronic excited states have been already presented elsewhere [19] , where it was shown that the ground state of NCO − is stable with respect to electron detachment processes and it is also energetically well separated from the excited electronic states of both anion and neutral radical species. The one dimensional cut for the collinear arrangement of the pseudo-2Body potential for the lowest electronic ground state PEC of NCO − , when considering only the newly formed bond with the incoming oxygen atom,is given in Figure 2 along the C-O distance. Also for this system the ab initio points in the long range region have been compared with the points provided by an analytic extrapolation. is the dipolar polarization coefficient of the hydrogen atom [22] .
new bond in the NCO − system are given in Table 2 . From the table we can see that the changes in masses and well depth in comparison with the previous case allow this potential to accomodate up to 106 bound states for the zero angular momentum arrangement. The ZPE value for the complex is also reported. It is important to note here that the ZPE values we are reporting refer to the single, 1D PECs associated with each of the two new bonds formed in each molecule.Hence the total 3-atom molecular complexes will have a different value in each case. The latter,however, is not directly relevant to the present study and calculations. Another structural issue in the present approach to the RA path calculations is that of the most likely geometries that could most efficiently preside over the final formation of the two closed-shell anions discussed in this work. In particular, keeping the stronger bonds of the anionic fragments fixed during the approach of either atomic partner suggests a sort of "adiabatic" picture to the final formation of the triatomic anions.
Such a situation of a nearly non-rotating molecular anionic partner (i.e. either C is the polarization coefficient of the oxygen atom [23] .
of radiative stabilization as occurring at relative approaching velocities whereby the atomic partners interact with rotationally "cold" anionic diatomics and therefore the relative angles play the role of an "adiabatic" parameters. In such a somewhat simplified view, one can then argue that it is important to further examine the full interactions for different "cuts" of the triatomic surface provided by different choices of the relative Jacobi angles, in order to establish an "efficiency order"
of the RA paths as a function of the adiabatic angle. 
TABLE II: Bound vibrational levels (J = 0) for the ground electronic state of the newly formed bond in the NCO − system using the 1D PEC computed in the present work.
In Figures As the relative distance is increased, we see that the negative charge, after a distance of about 2
• A, returns on the C 2 : the dipole therefore increases with the distance while the opposite charges remain separate on the two fragments.The process is largely similar for the case of the NCO − , where however the effects are much more dramatic howing to the larger number of electrons involved in the biding and the greater polarization effects as charges are separated with the increasing of the relative distance. Hence, we are able to note from the calculations that at relatively large distances the increase in the value of the dipole function for the NCO − complex is about one order of magnitude larger than in the case of the C 2 H − complex. As we shall show below, such structural findings are going to clearly affect the relative probabilities for forming the closed-shell anionic complexes by following the RA paths. As a final observation, it is interesting to note that similar calculations for the behaviour of the dipolar functions at different orientation angles follow largely the same patterns as those shown in figure 5 , this being indeed the case for both systems. We have, in fact, computed the behaviour of the dipolar radial functions by also changing the approaches of the H/O atoms from the those of the collinear configurations reported by that figure. We found in both cases that the general behaviour remains very close to those for the collinear configurations, the only difference being that their values at the shorther distances around 2.0
• A become smaller as the bending angles depart from linearity. One can therefore conclude from these numerical investigations that the collinear approach to RA processes remains the most efficient for the RA dynamics, hence the one for which we shall carry out our calculations.
III. DYNAMICS OF PHOTOASSOCIATION PROCESSES A. THE QUANTUM FORMULATION OF RA PROCESSES
In the case of the radiative association mechanism, we shall follow the direct and resonant (indirect) pseudo-2Body mechanism that will become possible for the present systems once we select a fixed value of the orientational angle during the collisional interactions, a partial simplification of the dynamics which we have already discussed in the previous Section. More specifically, all calculations will be carried out following the collinear path for the approaching partners since such an arrangement shall maximise the efficiency of the RA processes. The stronger multiple bonds of the diatomic partners will also be kept constant during the calculations.
At a fixed, relative collision energy of the partners the Einstein coefficient for spontaneous emission constitutes a starting point in obtaining the cross sections. In atomic units such a coefficient is defined as [23, 24] :
Here M vJ,v J is the transition dipole moment between the relevant rotovibrational states and it can be defined as following [25] :
and S JJ is the Hönl-London factor [24] . The required wavefunction for the final bound state reached during the process can be replaced by the initial wavefunction in the continuum the preselected relative energy of the encounter. Then the transition moment is given by [26, 27] :
The total cross section for a specific collision energy is also defined as [25, 26] :
here P(J) is the probability for a given partial-wave component f EJ to decay by photon emission. The terms of the summation define the contributions of the partial cross sections to the final process. In atomic units the partial cross section is given by:
where k 2 = 2µE, with E being the collision energy, µ is reduced mass, p the statistical weight of the initial electronic state. The evaluation of the total cross section for the case of the radiatively stimulated process is further given by the following expression:
where I(ν) is the black body radiation field (BRF) [27] , a quantity further characterized by the bath temperature T b
here hν = E − v J is emitted photon energy. The global, total cross section including both spontaneous and stimulated processes is finally given by [28] :
The next step of the quantum analysis is that of obtaining the corresponding total rates as a function of the environmental temperature [29] . It will require a further integration over a Maxwellian distribution of the partner's relative velocities. This choice implies the modeling of the physical environment in the molecular clouds as being described via a local thermal equilibrium (LTE) condition:
B. THE COMPUTED CROSS SECTIONS FOR THE RA PATHS
The total cross sections of the spontaneous and stimulated processes for the formation of either The cross sections for the two species show qualitatively similar energy dependence since they all decrease as the collision energy increases. This is due to the fact that, as the interaction time decreases, the time interval during which the photon can be emitted becomes shorter,thereby reducing the probability of the RA process to occur during the collisional event.
It is instructive to further look at the dependence of the partial cross sections on the number of bound vibrational states of the formed new bond at various bath temperatures for both C 2 H − and NCO − : the results of the present calculations are given by figures 8, 9. For both cases the value of computed σ ν (E) has been obtained by fixing the collision energy at the first resonant peak. It is interesting to note that the largest partial cross sections appear at ν = 16 for C 2 H − while the other partial contributions decrease in value as ν increases up to 23. For NCO − , the overall behaviour is similar: the largest value of the partial cross section occurs at ν = 51 while the sizes steadily decrease as the vibrational final state increases up to 105. We can conclude from the behavior of both systems that the RA processes give rise to vibrationally excited products with probabilities of formation that decrease by several orders of magnitude as the final bound complex is formed in the lowest vibrational states. Naturally, all such bound anionic complexes can, in principle, be detected by a following spontaneous emission of rotovibrational photons as they decay to the lower levels of the bound system.
The uniform increase of the partial cross sections up to a certain vibrational level for a given relative energy of approach between partners could be understood if one considers the overlap of the complex's wavefunctions in the continuum and those of the final bound, and variously excited, vibrational states. For instance, when ν = 16 for the case of C 2 H − , then the overlap reaches its maximum. The decrease of the σ ν (E) as one moves either to more deeply bound final complexes (lower vibrational quantum numbers) or to the bound complexes associated to highly excited vibrational levels beyond the specific maximum in the cross sections, could be explained if we take into account both the value of the overlap integrals between molecular wavefunctions and the actual energy gap associated with the emitted photon. In particular, by looking at eq.s (9), (10) and (12) where the role of the collison energy and the frequency of the emitted photon are clearly displayed. Rate coefficients for the complexes have been computed by numerical quadrature of Eq. (13) for a set of gas temperatures T g ranging from 1 to 10,000 K. In the present calculations the rates for spontaneous as well as for stimulated processes are reported in figures 13 and 14 for the two molecular anions. The total rates of formation for the spontaneous process exhibit a slow increase with the lower temperatures T g and a fast decrease with T g as the temperature goes above 1000
K. In the temperature region from 10 to 100 K the spontaneous RA rates for the [30] . Their results are reported in the references indicated for each of them. It is important to note here that for these systems the rates have been computed using fairly accurate ab initio PECs and the processes involve a single potential as in our calculations. The comparison at a sampling temperature of 50 K is given by the data of Table 3 . It is interesting to see there that the present results for both anions are very different from each other, those for NCO − being about two orders of magnitude larger than those for C 2 H − . Furthermore, the RA rates at the same temperature for the formation of two common cations in the modeling of the Early Universe evolution turn out to be either much smaller or of similar size, but not larger, than those of our present anions. Additionally, the CH + cation is usually considered the first step towards the creation of larger hydrocarbons and it is the first molecular ion discovered in the interstellar medium As already discussed in the present Introduction, another common path to the formation of molecular anions in the ISM environment is the interaction of the corresponding neutral radicals with environmental electrons, a mechanism which can lead to the strongly exothermic process which attaches such electrons to the neutral molecules, thereby producing stable molecular anions [5, 33] . In particular the REA mechanisms follow the reactions:
here the stabilization of either anion occurs by emitting the excess energy radiatively. The crux of the matter with the above process is to accurately evaluate the relative efficiency of the REA stabilization path versus the competing autodetachment channels that will release the excess electrons after temporary attachment into a metastable anion [31, 15] :
The studies involving the C 2 H − formation via either direct REA processes as in eq.s (14) and (15), or via indirect REA processes that dissipate the excess energy of its large and positive Electron Affinities (EAs) into the vibrational network of the molecular nuclei [5, 16, 33] , indicate that stabilization of the molecular anion, in the case of small molecules, is an inefficient process with respect to the autodetachment channels: the value of rates produced in ref. [15] for the C 2 H − system at 30 K is 7x10 −17 cm 3 /s, which makes the REA process not a very important one for producing the molecular anion as a stable species. In the case of the formation of NCO − , no direct calculations for the process (15) exist thus far, although the similarities of its physical characteristics (large and positive EA of 3.609 eV, low-density of vibrational modes in a few-atom molecular network) with those of the C 2 H − also indicate that the corresponding abundances for the stable anion may not be too large. A recent ,detailed search for its presence in several DMC regions [14] turned out to be still inconclusive as to its unequivocal detection. Our present data of Table 3 indeed also suggest for both systems that the probabilities for the spontaneous formations of either molecular anions are even smaller than those suggested for the REA mechanisms. Our present result therefore suggests once again that the possible existence of C 2 H − and NCO − is not likely to occur efficiently via either the RA or the REA dynamic mechanisms of formation.
It is also interesting to note from our results reported by Figures 13 and 14 that the stimulated formation in energetic photon baths increases the RA rates by several orders of magnitude but never sufficiently to indicate that formation path would become substantially important: the values are similar to those found [16] for the direct REA mechanisms, and those rates were ,deemed to yield fairly low efficiency for that process.
IV. CONCLUSIONS
In this work we have analyzed in some detail the formation of Furthermore, we have additionally found with our calculations that the collinear approaches by the neutrals, i.e. by H and O atoms, provide the strongest interaction potentials and the largest dipolar functions with respect to the "bent" approaches. In order to generate upper-limit values of the final rates we have therefore carried out the present study by employing the collinear configurations for the analysis of the RA mechanism.
We have additionally located the presence of several resonant structures ,due to metastable complex formations during collisions, for both systems and showed their effects on the final size of the associative rates.
We have also analysed the final rates in comparison with the corresponding sizes of similar RA rates insimple ions detected in the ISM: LiH + , HeH + and CH + , just to check on a few of the most studied species. The comparison of those rates with our present results indicates that the rates we have found are similar in size to those computed earlier for these ionic systems but are all fairly small with respect to those that would be required to make the process unequivocally the most important for the formations of the title anions. As a matter of fact, the comparison with the competitive radiative association mechanism involving free electrons, i.e. the REA processes for forming the anions from the neutral radicals, discussed in earlier studies [16, 33] , indicate that in such molecular species with a small number of atoms, and therefore with a low density of phasespace vibrational states, the dissipation of the large amounts of energy (associated with their large and positive EAs) during electron attachment is not an efficient mechanism for stabilizing the final bound molecular anions. It therefore follows that, since those computed REA rates are comparable in size with the present RA rates, both are not sufficiently large for prevailing on the detachment paths which cause the loss of the metastable electron: autodetachment and associative detachment mechanisms [16, 17] . It is interesting to further note, in fact, that the laboratory studies on the reactions of C − 2 with H atoms [17] at room temperatures have discovered that in such a small C-bearing chain the main reaction product is the neutral species originating from AD mechanism:
C 2 H that was produced with a rate of 7.7x10 −10 cm 3 /s [17] . This mechanism therefore provides a further indication that yet another possible reaction involving the small polyyne would only lead to the loss of the anionic species discussed in the present study..
In conclusion, the existing difficulties for the confirmed sighting of either title anion by experimental efforts that we have discussed earlier (e.g. see ref. [14] ) are justified here by the low efficiency found in our calculations for at least three suggested mechanisms of their formation: the limited size of the computed RA rates, the comparable smallness of the REA rates suggested in the current literature and the efficency of the anion destruction ( in the case of the C 2 H − ) by AD reactions with H atoms. This therefore suggests that other, more complex chemical routes need to be investigated, one being, for example, the reaction of neutral acetylene with H − to form H 2 and the corresponding molecular anion, as already discussed by us for the case of the cyanide anion [33] , just to quote a possible option. The possible validity of such a suggestion is presently being investigated in our group and will be reported elsewhere in the near future.
The present work has therefore provided quantitative information from an ab-inito study on 
